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Agarose Spot as a Comparative 
Method for in situ Analysis of 
Simultaneous Chemotactic 
Responses to Multiple Chemokines
Mohaned Ahmed1, Haneen A. Basheer1, Jose M. Ayuso2,4, Djevdet Ahmet1, Marco Mazzini3, 
Roshan Patel1, Steven D. Shnyder1, Victoria Vinader1 & Kamyar Afarinkia1
We describe a novel protocol to quantitatively and simultaneously compare the chemotactic responses 
of cells towards different chemokines. In this protocol, droplets of agarose gel containing different 
chemokines are applied onto the surface of a Petri dish, and then immersed under culture medium 
in which cells are suspended. As chemokine molecules diffuse away from the spot, a transient 
chemoattractant gradient is established across the spots. Cells expressing the corresponding cognate 
chemokine receptors migrate against this gradient by crawling under the agarose spots towards 
their centre. We show that this migration is chemokine-specific; meaning that only cells that express 
the cognate chemokine cell surface receptor, migrate under the spot containing its corresponding 
chemokine ligand. Furthermore, we show that migration under the agarose spot can be modulated by 
selective small molecule antagonists present in the cell culture medium.
Chemotactic migration of cells towards a chemoattractant source is involved in a plethora of biological processes, 
ranging from movement of sperm towards ovum during fertilisation1, to the movement of leukocytes to sites of 
injury during inflammatory responses2. Biological mechanisms which control chemotactic migration are tightly 
controlled in health. However, dysregulations in their functions result in enhanced or reduced chemotactic apti-
tude, and misdirected trafficking of cells; all of which can directly or indirectly contribute to aetiology of disease. 
In particular, aberration in the chemokine system, which is a major regulator of chemotaxis in pro-inflammatory 
and immune cells, plays a significant role in a range of inflammatory3–10 and autoimmune11–17 diseases, as well as 
in cancer18–22. In cancer, the chemokine system is associated with many different aspects of the disease and is par-
ticularly relevant in tumour cell migration and organ specific metastasis21–25. It has been postulated that tumour 
cells adopt chemokine signalling as a means of facilitating migration towards their target organs. According to 
this hypothesis, tumour cells acquire the expression of chemokine receptors, and thus become able to disseminate 
towards the organs that express their corresponding chemokine ligands26.
Because of the significant role that chemokines play in cancer and other diseases, chemokine receptors have 
emerged as attractive therapeutic targets27–35. A number of small molecule30, 31 and biologic32 chemokine receptor 
antagonists have been described as therapeutic agents, supported by a number of in vitro methods to assess their 
potency against chemotactic responses33–35. However, these drug discovery efforts are hampered by the lack of 
methods to rigorously interrogate the complex pharmacology in the chemokine system.
The chemokine system comprises of 49 chemokine ligands divided into four subfamilies (CXCL1–18, 
CCL1-CCL28, XCL1-2, and CX3CL1) which bind and activate 18 chemokine cell surface receptors (CXCR1-
6, CCR1-10, XCR1 and CX3CR1), and also bind four atypical receptors (ACKR1-4)36–38. Although there are 
chemokine ligands and receptors which are uniquely paired within each subfamily, generally there is significant 
promiscuity between ligands and receptors. This means that some chemokine receptors can be activated by more 
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than one chemokine ligand, and that some chemokines can bind and activate more than one chemokine receptor. 
For example, chemokine receptor CXCR4, which is one of the most studied chemokine receptors, is selectively 
activated by chemokine CXCL12, whereas chemokine receptor CCR7 is activated by two chemokines, CCL19 
and CCL21. Also, whilst chemokine CCL20 exclusively activates chemokine receptor CCR6, chemokine CCL5 
activates receptors CCR1, CCR3 and CCR5.
Moreover, it is becoming clear that often more than one chemokine axis contributes to the progression of cer-
tain diseases39–43. Therefore, there are now a number of examples where antagonism of more than one chemokine 
receptor is considered advantageous as a treatment strategy44–47. For example, there is some clinical evidence to 
support the hypothesis that the CXCR4 and CCR7 axes may work in tandem to promote the dissemination of 
cancer. Co-expression of CXCR4 and CCR7 in breast48, cervical49, thyroid50, and gastric51 correlates to poorer 
prognosis and exacerbated metastasis, compared to expression of either receptor alone.
For both these reasons, development of in vitro models that enable a direct comparative assessment of the 
simultaneous chemotactic response of cells towards different chemokines would be highly useful for understand-
ing the functional role of each axis in cell migration, and allow direct comparison of the relative efficacies of 
different antagonists.
Here, we report a simple-to-perform experimental reconfiguration of the under-agarose method52–54, which 
permits the time-dependant analysis of cell migration in response to multiple chemokines. Analysis of the num-
ber of cells and the distance they travel under the spot provides quantitative information on the chemotactic 
aptitude of cells towards different chemokines. The method is known as the “agarose spot” assay54–57. Whilst there 
are a number of methods to study cell migration and chemotaxis in response to a single chemoattractant, such as 
for instance the Boyden chamber58, Zigmond chamber59, Dunn chamber60, and Insall chamber61, none of these is 
adaptable for the investigation of simultaneous cellular migration in response to multiple chemoattractants. The 
agarose spot assay has obvious practical advantages over these methods, as it is more convenient and less time 
consuming to run one assay for multiple chemokines, than multiple assays for each individual chemokine. In 
addition, using this configuration of the agarose spot assay, direct comparisons can be drawn more confidently 
between chemotactic aptitudes towards different chemokines, because all experiments are carried out simultane-
ously and under uniform conditions. Furthermore, it provides an opportunity to assess if combined antagonism 
of multiple chemotactic axes can be additive (see later).
To exemplify the use of this protocol, and in view of above mentioned evidence suggesting that the CXCR4 
and CCR7 axes may work in tandem to promote the dissemination of cancer48–51, we report its application to 
CXCL12 (ligand for CXCR4), and CCL19 and CCL21 (ligands for CCR7) triggered cell migration, and the effects 
of small molecule antagonists of these receptors on the migration of cells.
Results
Setup of an agarose spot assay. In the agarose spot assay, chemokine molecules are initially contained 
in an agarose drop which is applied to a glass bottom Petri dish as a spot, and immersed under media containing 
cells (Fig. 1A). It should be noted that even though some chemokines possess glucosamine aminoglycan (GAG) 
binding domains at their N-terminus36, it has been previously shown that the rate of diffusion in agarose is not 
influenced by the presence of these domains62. The negative control is an agarose drop containing no chemoat-
tractant. Over time, chemokine molecules slowly diffuse outwards from the peripheral regions of the agarose 
spot, creating a transient chemotactic gradient within the agarose spot (Fig. 1B)63. Cells expressing the corre-
sponding cognate chemokine receptors, and only those cells, respond to the chemokine and migrate against this 
gradient by moving into the space between the agarose and the glass, towards the centre of the drop. We found 
that the analysis of the number of cells under the spot provides a very convenient and quantitative measure of 
the chemotactic aptitude. In addition, average distance travelled by cells, velocity of cell movement or the surface 
area under the agarose spot covered by migrating cells can be recorded over time as a video (or concatenated 
Figure 1. (A) A schematic representation of a glass backed 35 mm petri dish with three agarose drops 
containing chemokines, and one agarose drop containing PBS as control. Cells migrate under the agarose spot 
in response to the chemokines. (B) A schematic representation of chemotactic gradient established within the 
agarose spot (C) A schematic representation of glass back Petri dish with agarose drops from the top, dotted line 
and writing on the bottom of the Petri dish are also shown.
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images captured at specific time intervals) which can also be analysed to measure chemotactic aptitude (see 
Supplementary Information S1 as an example). Furthermore, the media can be supplemented by small molecule 
antagonists, antibodies or other agents, and thus we can assess their effect on modulating the migratory response 
(see below)55. A video tutorial showing the procedure for setting up the agarose assay is provided (Supplementary 
Information S2).
To demonstrate that a gradient is established, we investigated the diffusion behaviour of Cascade Blue fluores-
cent dextran (mean MW = 10 kDa, which is close to that of most chemokines) and FITC labelled dextran (mean 
MW = 40 kDa). Thus, we carried out an agarose spot experiment using fluorescent dextran loaded in the agarose 
spot. We then recorded the fluorescence intensity along a central strip of the agarose spot at four time intervals 
(Fig. 2A–C and E,F). As can be seen, a concentration gradient is established across the agarose spot, as evidenced 
from the drop in fluorescence in both cases. Furthermore, that concentration gradient depends on MW of the 
dextran (Fig. 2D and G and see Discussions).
Migration under the agarose spot corresponds to the expression of chemokine receptor. We 
had previously validated the agarose spot assay by showing that MDA-MB-231 cells, which we showed express 
Figure 2. (A–C) Diffusion of Cascade Blue dextran (mean MW = 10 kDa) from an agarose spot at different 
time intervals time. The edge of the spot is shown by dotted white line. (D) Fluorescence intensity along a 
central strip of the agarose spot (shown as a dotted yellow line) at different time intervals. The edge of the spot 
is shown by dotted grey line. (E and F) Diffusion of Fluorescein dextran (mean MW = 40 kDa) from an agarose 
spot at 0 and 30 minutes time intervals. (G) Fluorescence intensity along a central strip of the agarose spot at 
different time intervals. The edge of the spot is shown by dotted grey line.
www.nature.com/scientificreports/
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CXCR4, migrate under an agarose spot containing CXCL12 and that the migration can be modulated by addition 
of a selective monoclonal antibody antagonist of CXCR4 in the medium55. In order to compare the chemotactic 
aptitude of other cell lines towards multiple chemokines, we first required cell lines with contrasting expression of 
the chemokine receptors CXCR4 and CCR7, and responsiveness to their cognate ligands. We screened cells from 
our cell bank for the expression of chemokine receptors CCR7 and CXCR4 and found that PC-3 (human prostate 
cancer) cells express high levels of both CXCR4 and CCR7 (Supplementary Information S3). However, whilst 
SW480 (human colon cancer) cells do express CXCR4, their expression of CCR7 is negligible (Supplementary 
Information S3). Furthermore, we confirmed that the receptors on PC-3 and SW480 cells are functional and 
that the cells selectively respond to the chemokines for which they express receptors. In both intracellular cal-
cium mobilisation (calcium flux) assay (Supplementary Information S4) and scratch assay (Supplementary 
Information S5), PC-3 cells respond to CCL21, CCL19 and CXCL12, respective ligands for CCR7 and CXCR4, 
whilst the SW480 cells similarly respond to CXCL12, but not to CCL19 or CCL21.
Using PC-3 cells, we carried out an experiment with four agarose spots on the same 35-mm dish, with one 
as a control containing no chemoattractant, and the other three containing CXCL12, CCL19 and CCL21. We 
observed that the PC-3 cells do migrate under the agarose spots containing chemokines CXCL12, CCL19 and 
CCL21 (Fig. 3A–C), but do not migrate under the agarose spots containing no chemoattractant (Fig. 3D).
In contrast to PC-3 cells, SW480 cells do not significantly express CCR7, but do express CXCR4. Therefore, 
we repeated this experiment and allowed SW480 cells to migrate under CXCL12, CCL19 and CCL21 spots. In 
this experiment, we observed migration under the CXCL12 spot but not under CCL19 nor CCL21 spots (even at 
200 nM concentration) (Fig. 3F).
Migration under the agarose spot is directional and chemotactic. As indicated above, a number 
of criteria can be used to analyse and quantitatively compare the chemotactic response of cells under the agarose 
spots. Most convenient method is to count the number of cells under each spot, or measure the surface area under 
the agarose spot covered by migrating cells, over a time interval.
In addition, average distance travelled by cells, velocity of cell movement or the surface area under the agarose 
spot covered by migrating cells can be recorded over time as a video (or concatenated images captured over a time 
period) which can then be analysed to measure chemotactic aptitude. For example, we used concatenated images, 
taken every 5 minutes, of an experiment with PC-3 cells with an agarose spot containing CCL21 (Supplementary 
Information S1). Ten cells, randomly selected from the edge of the spot and ten cells randomly selected away from 
the spot were tracked and analysed (Fig. 4). The analysis of the cell movements shows that the cells under the spot 
move a longer distance, move more quickly than those cells which are away from the spot. Furthermore, cells 
which are under the spot move towards the center of the spot, whereas those away from it move non-directionally. 
Figure 3. Cells migrate under the agarose spot containing a chemokine according to the expression of the 
cognate chemokine receptor. PC-3 cells which express chemokine receptors CXCR4 and CCR7 migrate under 
agarose spot containing ligand for CXCR4, CXCL12, (A), and ligands for CCR7, CCL21, (B) and CCL19, (C), 
but do not migrate under agarose spot containing no chemokine, (D). (E) Relative chemotactic aptitude of 
PC-3 cells under agarose spot containing 100 nM CXCL12 (ligand for CXCR4), and agarose spot containing 
100 nM CCL19 and 100 nM CCL21 (ligands for CCR7), but not under agarose spot containing no chemokine 
(n = 3). (F) SW480 cells which express chemokine receptor CXCR4 but not CCR7, migrate under agarose spot 
containing 200 nM CXCL12 (ligand for CXCR4), but not under agarose spot containing 200 nM CCL19 and 
200 nM CCL21 (ligands for CCR7), or agarose spot containing no chemokine (n = 3).
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To visualize cell orientation independently of cell speed, data were plotted as Rose diagrams which indicate the 
distribution of migration angles. (Fig. 4E and F).
Migration under the agarose spot is selectively modulated by small molecule antago-
nists. Having shown that migration under the agarose spot corresponds to expression of chemokine receptors, 
we then set out to investigate the selective antagonism of individual receptors in this experiment.
AMD3100 is a selective CXCR4 antagonist previously shown not to antagonise other chemokine receptors 
including CCR764, 65. To demonstrate the application of the agarose spot assay to assess selectivity of small mole-
cule antagonists, PC-3 cells were allowed to migrate under CXCL12, CCL19 and CCL21 spots in the same Petri 
dish, in the presence of a range of concentrations of CXCR4 antagonist AMD3100 in the media. We observed a 
dose dependant reduction in PC-3 cell migration under the CXCL12 agarose spot (Fig. 5A). However, no signif-
icant reduction of migration was observed under the CCL19 and CCL21 spots (Fig. 5B and C). This observation 
is consistent with our expectations, since AMD3100 antagonises the migration against CXCL12, but it does not 
interfere with the migration against CCL19 or CCL21, as it does not antagonise CCR7, the corresponding recep-
tor for these chemokines.
In another experiment, PC-3 cells were allowed to migrate under CXCL12, CCL19 and CCL21 spots in the 
same Petri dish, in the presence or absence of CCR7 small molecule selective antagonist ICT13069 in the media. 
In the presence of 10 µM ICT13069, migration of PC-3 cells under the CCL19 and CCL21 spots was significantly 
reduced (Fig. 5D). However, no significant reduction of migration was observed under the CXCL12 containing 
spot. This observation is again consistent with our expectations, since a CCR7 antagonist with selectivity over 
CXCR4, antagonises the migration against CCL19 or CCL21, but it does not interfere with the migration against 
CXCL12.
Interestingly, we observed a small reduction in responsiveness to CCL19/CCL21 in the presence of the selec-
tive CXCR4 antagonist, and similarly, a small reduction in responsiveness to CXCL12 in the presence of the 
selective CCR7 antagonist.
Finally, whilst the agarose spot method has the advantage of enabling simultaneous measurement towards 
multiple chemoattractants, we still wished to draw a comparison between this and one of the established methods 
for measuring chemotactic aptitude. So, we compared dose-dependent inhibition of the migration of PC-3 cells 
using chemokine antagonist AMD3100 in the agarose spot and a two-chamber Boyden assay (Fig. 5E). Boyden 
Figure 4. (A) Tracks of ten randomly selected PC-3 cells away from the agarose spot containing CCL21. 
(B) Tracks of ten randomly selected PC-3 cells from the edge of the agarose spot containing CCL21. (C) 
Plots of overlapped tracks for PC-3 cells away from the agarose. Center of mass is (−3.4 µm, 13 µm), mean of 
accumulated distance travelled is 218 ± 82 µm, average velocity is 0.13 µm/min. (D) Plots of overlapped tracks 
for PC-3 cells from the edge of the agarose. Center of mass is (53 µm, 48 µm), mean of accumulated distance 
travelled is 320 ± 84 µm, average velocity is 0.30 µm/min. (E) Rose diagram showing lack of directionality in 
PC-3 cells away from the agarose spot. (F) Rose diagram showing directionality towards the center of the spot in 
PC-3 cells under the agarose spot.
www.nature.com/scientificreports/
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chamber is one of the most common means of assessing chemotactic aptitude and is widely used to assess migra-
tion of cells through a membranous barrier and its inhibition by small molecule antagonists. To make a compar-
ison, we correlated the relative number of cells migrated under the agarose spot with the relative number of cells 
migrated through a 6.5 mm thick polycarbonate membrane with 8.0 µm pore size (n = 3 in each case). We note 
that whilst the initial concentration of the chemokine in the agarose spot is 100 nM, the concentration experi-
enced by cells migrating under agarose spot edge is more similar to the concentration experienced by cells migrat-
ing in a Boyden assay (16 nM) as shown from computational studies63 and also in Fig. 2. The Boyden assay does 
have a shorter incubation time, but we found that there was less variation in relative number of cells migrated 
under the agarose spot leading to smaller error bars in thee agarose spot assay.
Discussion
Chemokine-induced migration of cells is associated with the chemoattractant’s concentration gradient. Therefore, 
we wanted to demonstrate that such a concentration gradient exists under the agarose spot. We reasoned that 
once the agarose spot containing a chemokine is immersed in medium, the chemokine peptide begins to leach 
out, but does so more efficiently from the regions in the periphery of the spot. It would be expected therefore that 
Figure 5. Cells migration under the agarose spot can be selectively modulated by antagonists. (A) Migration 
of PC-3 cells under agarose spot containing 100 nM CXCL12 (ligand for CXCR4), is modulated in a dose-
dependent manner by CXCR4 selective antagonist, AMD3100. (B and C) However, migration of PC-3 cells 
under agarose spot is not abrogated by CXCR4 selective antagonist, AMD3100 for the spots containing 100 nM 
CCL21 and 100 nM CCL19 (ligands for CCR7). (D) Migration of PC-3 cells under agarose spot containing 
100 nM chemokines in the absence (grey bars) or presence (purple bars) of CCR7 antagonist ICT13069 
(10 µM) shows that migration against CXCL12 is not modulated but that migration is reduced against CCL19 
and CCL21. (E) Comparison of the inhibition of CXCL12 induced migration of PC-3 cells by AMD3100 in a 
Boyden assay.
www.nature.com/scientificreports/
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after a period of time, regions close to the interface between the agarose spot and the medium will have a lower 
concentration of chemokine compared to regions further inside the spot, hence creating a transient concentration 
gradient. To demonstrate this was the case, we investigated the diffusion behaviour of Cascade Blue fluorescent 
dextran (mean MW = 10 kDa) as a surrogate for chemokines. The rate of diffusion of chemokines correlates 
with their molecular weight66–68. Therefore, we would expect that the rate of diffusion of this dextran would be 
comparable to that of most chemokines such as CXCL12 (MW = 8.0 kDa), CCL19 (MW = 8.8 kDa) and CCL21 
(MW = 12.2 kDa).
As can be seen (Fig. 2A–C), a concentration gradient is established across the agarose spot as evidenced from 
the drop in fluorescence over distance from the centre of the spot. This concertation gradient however is transient 
and weakens until it eventually disappears over time.
Interestingly, the diffusion of CXCL12 from the agarose spot in this experiment was previously modelled 
computationally by Szatmary63. Reassuringly, the experimental rate of diffusion of Cascade Blue dextran, which 
has a similar MW to that of CXCL12, is comparable to that calculated in that investigation, confirming Szatmary’s 
to be an appropriate model for the rate of chemokine diffusion from the agarose spot.
It should also be noted that the rate of diffusion of macromolecules in agarose is inversely proportional to 
the square root of their molecular weight. Since the molecular weight of the majority of chemokines is within 
a relatively narrow range of 8–12 kDa, this observation gave us confidence that the rate of diffusion of differ-
ent chemokines, and hence the concentration gradients from different chemokines would be relatively similar. 
Hence we can expect that any differences in cell migration under different spots containing different chemokines 
would not be due to differences in concentration gradient, provided the initial concentration of chemokines 
in different agarose spots are similar. Indeed, the concentration gradient observed in the agarose spot contain-
ing FITC labelled dextran (mean MW = 40 kDa) was approximately half that of Cascade Blue dextran (mean 
MW = 10 kDa) as expected (Fig. 2E–G).
The experimental configuration of agarose spots enables the study of migration of cells towards multi-
ple chemokines simultaneously and under the same conditions. Here, we applied the assay to determine rela-
tive chemotactic responses of different cell lines. In the example of SW480 cells, we observed migration under 
CXCL12 agarose spot but not under CCL19 or CCL21 agarose spots. This observation is wholly expected, and 
consistent with the observed lack of significant expression of CCR7 in SW480 cells. On the other hand, PC-3 cells 
express both CCR7 and CXCR4, however their chemotactic response toward CCL19 and CCL21, is relatively 
lower than that towards CXCL12 (Fig. 3E). To compare our observations with other functional properties, we 
measured intramolecular calcium ion mobilisation and looked at cell motility in scratch assays. We measured 
the intramolecular calcium ion mobilisation in PC-3 cells treated with the same concentration of chemokines 
CXCL12, CCL19 and CCL21. Activation of chemokine receptors is known to cause release of calcium ions in the 
cytoplasm as a prelude to cytoskeletal changes that enable cell migration. In a calcium mobilisation (flux) assay, 
the increased concentration of cytoplasmic calcium is measured by addition of a calcium-dependent fluorescent 
dye. Interestingly, relative increase in concentration of calcium ions in the cytoplasm (as measured by transient 
increase in fluorescence) appears to correlate with the relative chemotactic aptitude towards the three chemokines 
(Supplementary Information S3). Similarly, we measured increased cell motility in scratch assays with PC-3 and 
SW480 cells in the presence of CXCL12, CCL19 and CCL21, compared with control (no chemoattractant). We 
similarly observed increases in gap closure in PC-3 cells after addition of CXCL12, CCL19 and CCL21 commen-
surate with the expression and functional ability of the corresponding receptors. However, gap closure in SW480 
cells was only observed in the addition of CXCL12 confirming that the CXCR4 receptors in the cells are function-
ally active (Supplementary Information S5).
Correlation between the results of these other two assays with that of agarose spot assay gives us confidence 
in the robustness of the agarose spot assay as a means of assessing the relative potency of chemokine agonists.
Another useful application of the agarose spot assay is in determining functional selectivity of small molecule 
antagonists against multiple chemokine receptors simultaneously and in the same experiment. In addition to the 
convenience and time-saving it provides, the agarose spot assay gives an unparalleled opportunity to ensure a 
more reliable comparison of antagonism of different chemokine receptors by the same chemical agent.
AMD3100 is reported as a selective CXCR4 antagonist with no modulation of other chemokine receptors, 
including CCR764. When AMD3100 is added to the medium, migration under the agarose spot containing 
CXCL12 is inhibited in a dose dependent manner, which confirms its potency as a CXCR4 antagonist. ICT13069 
is a small molecule CCR7 antagonist discovered in our laboratory and, when added to the medium, inhibits 
migration of cells under agarose spots containing CCL21 and CCL19. Therefore, the agarose spot is clearly a 
useful technique to assess the potency of chemokine antagonists. Interestingly, comparison between a Boyden 
and the agarose spot assays, shows that they both provide reliable means of assessing dose-dependent inhibition 
of cell migration. Whilst the the Boyden assay does have a shorter incubation time, the agarose spot assay has the 
advantage of allowing assessment against more than one chemokines.
Since AMD3100 has no CCR7 antagonism, we would have expected no change in migration of cells under 
agarose spots containing CCL21 and CCL19. In fact we observed a very small, but observable drop in migration 
of cells under those spots. Similarly, we observed a small drop in migration of cells under the CXCL12 containing 
agarose spot upon treatment with CCR7 antagonist. Obviously, both observations can be attributed to a lack of 
target selectivity. However, in view of the well-established selectivity of AMD3100 for the CXCR4 receptor, that 
seems unlikely. This observation merits further investigation; however, it is the first direct observation that antag-
onism of one chemotactic receptor, can functionally influence the responsiveness of other chemotactic receptors.
Conclusions
The protocol described herein provides a simple and practical approach to simultaneous measurement of chem-
otactic response of cells towards multiple chemoattractants, such as chemokines. In addition, we have also shown 
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that inhibition of migration against different chemokines by small molecule antagonists can be quantitatively 
compared using this protocol. Overall, the agarose spot assay provides an opportunity to study aspects of chemo-
tactic migration and its inhibition, which are not available using other established techniques.
Materials and Methods
Chemicals and biologicals. Recombinant CXCL12 (catalogue number 350-NS), CCL19 (catalogue number 
361-MI-025), CCL21 (catalogue number 457-6C-025) and anti-human CXCR4 monoclonal antibody (catalogue 
number MAB173) were purchased from R&D Systems (Abingdon, OX14 3NB, UK). Alexa Fluor 488 anti-hu-
man CCR7 antibody (catalogue number 353206) and the recommended isotype control (catalogue number 
400233) were purchased from Biolegend (London, NW5 1LB, UK). UltrapureTM low-melting agarose (catalogue 
number 16520–050) was purchased from Invitrogen (Paisley, PA4 9RF, UK). CXCR4 antagonist AMD310065 
(catalogue number 3299), was purchased from Tocris Biosciences (Missouri 63021, USA). CCR7 Antagonist 
ICT13069 was synthesised at the Institute of Cancer Therapeutics (Bradford, BD7 1DP, UK). Cascade Blue-10 kDa 
(Catalogue number D1976) and Fluorescein-40 kDa (Catalogue number D1845) dextrans were purchased from 
ThermoFisher (Loughborough, LE11 5RG, UK). Vectashield hardset antifade mounting medium with DAPI (cat-
alogue number H-1500) was purchased from Vector laboratories, (Peterborough, PE2 6XS, UK). Bovine serum 
albumin (catalogue number A2153) was purchased from Sigma-Aldrich (Gillingham, SP8 4XT, UK).
Cells and cell culture. Human prostate PC-3 and colorectal SW-480 adenocarcinoma cell lines were 
obtained from the ATCC (Middlesex, TW11 0LY, UK). The cells were cultured as monolayers at 37 °C and 
5% CO2 atmosphere in RPMI1640 medium (Sigma-Aldrich, catalogue number R5886), supplemented with 
10% foetal bovine serum (FBS), 1 mM sodium pyruvate (sigma-Aldrich, catalogue number, S8636) and 2 mM 
L-glutamine (sigma-Aldrich, catalogue number G7513).
Equipment. Disposable glass-bottomed plastic 35 mm Petri dishes with lid (catalogue number P35G-1.5-
20-C) were purchased from MatTek Corporation (Ashland, MA, USA). These dishes have a usable glass surface 
area with a 20 mm diameter. For Boyden assays, we used 6.5 mm Transwell inserts with 8.0 µm pore polycar-
bonate membrane (catalogue number 3422) from Corning (Flintshire, CH5 3XD, UK). Flow cytometry was per-
formed on a BD FACSCalibur instrument and the results were analysed by BD CellQuest Pro software version 
5.1.1. Images were recorded using LumaScope 500 (Etaluma Inc., Carlsbad, CA 92010, USA) with 20x magnifi-
cation. Cell migration was imaged by timelapse microscopy using a Nikon Eclipse TI confocal microscope (40x 
magnification) installed within an enclosed cabinet maintained at 37 °C and 5% humidified CO2 atmosphere. 
Photographs were taken at 5 minute intervals. The data were exported as multipage TIFF files to enable manual 
cell tracking using the ImageJ ‘Manual Tracking’ plug-in. The ImageJ ‘Chemotaxis and Migration Tool’ plug-in 
was used to quantitate data (see the section on analysis).
Methods. 100 mg of low–melting point agarose (catalogue number 16520–050, Thermo Fisher Scientific) was 
placed into a 100-mL beaker and diluted into 20 mL PBS to make a 0.5% agarose solution. The mixture was heated 
on a hot plate, and stirred to facilitate complete dissolution. Once all agarose particles were dissolved, the beaker 
was taken off the heat and cooled down to 40 °C.
Agarose solution of CXCL12 was prepared as follows: 10 µg lyophilized CXCL12 was reconstituted by adding 
100 μL of sterile phosphate-buffered-saline solution (PBS) containing 0.1% BSA to afford a 12.5 μM stock solu-
tion. To prepare a 100 nM CXCL12/agarose solution, 1.6 μL of this CXCL12 stock solution was mixed with 18.4 μL 
of PBS. The resulting 20 μL was then mixed with 180 μL of 0.5% agarose solution at 40 °C. Agarose solutions of 
other chemokines were similarly prepared from the corresponding stock solutions by adjusting the second PBS 
dilution as required. To prepare the control agarose solution, 20 μL of PBS was mixed with 180 μL of 0.5% agarose 
solution at 40 °C.
Using a marker pen, a cross was drawn on the back of the plate to form four quadrants, one for each of the 
four spots (Fig. 1C). The ends of 200 μL pipette tips (catalogue number 70.760.012; Sarstedt, Leicester, LE4 1AW, 
UK) were cut with scissors by about 2 mm in order to facilitate the transfer of the viscous agarose solution and 
the formation of the spot. Using these cut pipette tips, 10 μL drops of agarose solution (either control containing 
PBS, or containing chemokine) were applied onto each of the quadrants of the Petri dish as shown (Fig. 1C). 
Depending on the purpose of the experiment, spots containing the same chemokine or different chemokines (to 
allow comparison) can be applied for each dish. If required, the spots can be identified by writing on the backside 
of the glass. The Petri dish containing the spots was then cooled for 5 minutes in a 4 °C fridge to allow the agarose 
spot to set.
1 mL of cell suspension in 10% FBS cell culture medium, either containing the antagonist(s), or control (no 
reagent), was plated into the dishes which were then incubated at 37 °C to allow the cells to adhere. We recom-
mend a cell density of about 6.0 × 104 cells/mL as a starting point, but this can be adjusted. In the experiments 
described here, 6.0 × 104 cells/mL of PC-3 and 6.5 × 104 cells/mL of SW480 were used. After 4 hours, the culture 
media was replaced with 0.1% FBS, either containing the antagonists or no reagent (as control), and the dish 
was returned to the 37 °C incubator. After 16 h, the agarose spots were analysed by counting the total number of 
invading cells using a microscope. The purpose of the media change is to ensure no cell proliferation during the 
overnight incubation period.
Flow cytometry. Cells were used at 60–70% confluency. Around half million cells were suspended in 100 µl of 
4% aqueous paraformaldehyde for 10 min at room temperature, then centrifuged, thoroughly washed twice and 
re-suspended in 1% bovine serum albumin (BSA). To determine the expression of CCR7, cells were incubated 
with conjugated anti CCR7 (2:100) for 30 min, then washed 3 times with 1% BSA, re-suspended in 500 µl of 
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1%BSA and analysed. The isotype matched control for CCR7 (2:100) was similarly used. To determine the expres-
sions of CXCR4, cells were incubated with anti CXCR4 (5:100) for 1 hour and then washed 3 times with 1% BSA. 
After addition of the secondary antibody conjugated to R-phycoerythrin, cells were incubated for one hour on ice, 
then washed 3 times with 1% BSA, re-suspended in 500 µl of 1% BSA and analysed. The change in fluorescence 
intensity was calculated by comparing the fluorescence intensity mean of stained cells relative to their isotype 
control for each cell line.
Scratch assay. 350 µL of a suspension of PC-3 cells in serum free RPMI media (8.5 × 105 cells/mL) was added 
to each well of a 24 well flat-bottom plate. The plate was incubated at 37 °C overnight to ensure the formation of 
a uniform monolayer. Using the narrow end of a P200 pipette tip, a wound was scratched across each well. The 
medium and cell debris were removed, and the wells were gently washed with 350 µL of PBS. PBS was removed 
and replaced by 350 µL of either the controls (0% FBS in RPMI medium or 0% FBS in RPMI medium containing 
a chemokine) or treatment (0% FBS in RPMI medium containing AMD3100 or ICT13069 or 0% FBS in RPMI 
medium containing AMD3100 or ICT13069 with the respective chemokine). Images were obtained from plates 
at 0 h and 14 h and were analysed by ImageJ68. The experiment was similarly repeated with SW480 cells (8.5 × 105 
cells/mL) but using 2% FBS RPMI media throughout and analysing the plates after 21 h.
Transwell (Boyden) assay. PC-3 cells were cultured in serum-free medium for 24 hours prior to the experiment. 
150 µl of cell suspension (6.7 × 105 cells/mL) was added to the upper chamber of a 6.6 mm diameter, 8.0 µm 
pore size Transwell filter. For controls, 600 µl serum-free medium was added to the lower chamber, for CXCR4 
mediated chemotaxis, 600 µl serum-free medium supplemented with CXCL12 (16 nM) was added to the lower 
chamber. For the CXCR4 antagonist experiment, cells were pre-incubated for 1 hr with AMD3100 at various 
concentrations (100 µM, 10 µM, and 1 µM) and loaded to the upper chambers. The chambers were incubated for 
3 hours at 37 °C under 5% CO2 atmosphere.
The upper face of the Transwell filter was cleaned with a cotton swab. The migrated cells to the lower face of 
the filter were fixed by immersing them in 70% aqueous ethanol for 2 minutes at room temperature. The filters 
were air dried, cut and mounted onto microscope slides using DAPI containing mounting medium for nucleus 
staining and left to dry for 1 hour at 4 °C in the dark and analysed by fluorescence microscope (Leica DM2000; 
Leica Microsystems, UK). The cell numbers in various fields were counted for each chamber and averaged. Data 
is presented as the mean ± SD (standard deviation) of at least 3 independent experiments.
Calcium mobilisation. Cells were seeded into each well of a 0.1% gelatine-coated 96-well black-wall microtiter 
plate at a density of 1.0 × 105 cells/well. After 24 h, the growth medium was replaced with 100 μL of the dye load-
ing solution (Molecular Probes™ Fluo-4 NW, Invitrogen catalogue number F36206, Thermo Fisher Scientific). 
The plates were incubated at 37 °C for 1 hour. 20 μL of a given concentration of the antagonist in assay buffer, or 
assay buffer as control, was added to each well and the plate was incubated at 37 °C for an additional 30 min-
utes. The plate was transferred into a Fluoroskan Ascent FL instrument (ThermoScientific) and the fluorescence 
change in response to the addition of 20 μL chemokine (to give 100 or 200 nM in-well concentration in assay 
buffer) was measured at 37 °C temperature (Ex 485 nm, Em 538 nm). IC50 is calculated as the concentration of the 
antagonist required to half the maximum fluorescence change in response to CXCL12. Data is presented as the 
mean ± SD of at least 3 independent experiments.
Analysis. The agarose spots were observed under a microscope (x40 magnification). The edges of the spots 
are discernible and the cells migrating under the spot are clearly distinguishable from those which are not. For 
each spot, six fields of view of equal size covering the full circumference were photographically recorded and the 
number of cells in each field were added. The number of cells can be either counted manually, or determined 
using image analysis software, ImageJ/Fiji69. We found no significant difference between the results between man-
ual counting compared with that obtained by ImageJ. The values reported herein are the average of at least three 
independent experiments and the error bars represent standard deviation.
For tracking of cells and analysis of chemotaxis we respectively used ‘Manual Tracking’ and ‘Chemotaxis and 
Migration Tool’ plugins available through ImageJ/Fiji69. Chemotaxis parameters were obtained directly from this 
software and are defined as follows. The center of mass represents the averaged point of all cell endpoints and its 
x and y values indicate the direction in which the group of cells primarily travelled.
Graph construction and statistical analysis was performed using GraphPad Prism 6. Differences among 
groups were assessed using the ANOVA test. Differences between two groups were assessed using a t test. A P 
value less than 0.05 was considered statistically significant.
References
 1. Yoshida, M. & Yoshida, K. Sperm chemotaxis and regulation of flagellar movement by Ca2+. Mol. Hum. Reprod. 17(8), 457–465 
(2011).
 2. Wong, C. H., Heit, B. & Kubes, P. Molecular regulators of leucocyte chemotaxis during inflammation. Cardiovasc Res. 86(2), 183–191 
(2010).
 3. White, G. E., Iqbal, A. J. & Greaves, D. R. CC Chemokine Receptors and Chronic Inflammation-Therapeutic Opportunities and 
Pharmacological Challenges. Pharmacol. Rev. 65(1), 47–89 (2013).
 4. Viola, A. & Luster, A. D. Chemokines and their receptors: Drug targets in immunity and inflammation. Annu. Rev. Pharmacol. 
Toxicol. 48, 171–197 (2008).
 5. Charo, I. F. & Ransohoff, R. M. The many roles of chemokines and chemokine receptors in inflammation. New Engl. J. Med. 354(6), 
610–621 (2006).
 6. Pease, J. E. Targeting chemokine receptors in allergic disease. Biochem. J. 434(1), 11–24 (2011).
 7. Koenen, R. R. & Weber, C. Therapeutic targeting of chemokine interactions in atherosclerosis. Nat. Rev. Drug Disc. 9(2), 141–153 
(2010).
www.nature.com/scientificreports/
1 0Scientific RepoRts | 7: 1075  | DOI:10.1038/s41598-017-00949-4
 8. Koelink, P. J. et al. Targeting chemokine receptors in chronic inflammatory diseases: an extensive review. Pharmacol. Ther. 133(1), 
1–18 (2012).
 9. Greiff, L. et al. Effects of a dual CCR3 and H1-antagonist on symptoms and eosinophilic inflammation in allergic rhinitis. Respir Res. 
11, 17, doi:10.1186/1465-9921-11-17 (2010).
 10. Eberhardson, M. et al. Treatment of inflammatory bowel disease by chemokine receptor-targeted leukapheresis. Clin. Immunol. 
149(1), 73–82 (2013).
 11. Gerard, C. & Rollins, B. J. Chemokines and disease. Nat. Immunol. 2(2), 108–115 (2001).
 12. Kimura, H. & Caturegli, P. Chemokine orchestration of autoimmune thyroiditis. Thyroid 17(10), 1005–1011 (2007).
 13. Cravens, P. D. & Lipsky, P. E. Dendritic cells, chemokine receptors and autoimmune inflammatory diseases. Immunol. Cell Biol. 
80(5), 497–505 (2002).
 14. Antonelli, A. et al. Chemokine (C-X-C motif) ligand CXCL10 in autoimmune diseases. Autoimmun. Rev. 13(3), 272–280 (2014).
 15. Kalinowska, A. & Losy, J. Investigational C-C chemokine receptor 2 antagonists for the treatment of autoimmune diseases. Expert 
Opin. Investig. Drugs 17(9), 1267–1279 (2008).
 16. Kodati, S. et al. CCR7 Is Critical for the Induction and Maintenance of Th17 Immunity in Dry Eye Disease. Invest. Ophthalmol. Vis. 
Sci. 55(9), 5871–5877 (2014).
 17. Kohler, R. E. et al. Antagonism of the chemokine receptors CXCR3 and CXCR4 reduces the pathology of experimental autoimmune 
encephalomyelitis. Brain Pathol. 18(4), 504–516 (2008).
 18. Mantovani, A. et al. The chemokine system in cancer biology and therapy. Cytokine Growth Factor Rev. 21(1), 27–39 (2010).
 19. Lazennec, G. & Richmond, A. Chemokines and chemokine receptors: new insights into cancer-related inflammation. Trends Mol. 
Med. 16(3), 133–144 (2010).
 20. Balkwill, F. Cancer and the chemokine network. Nat. Rev. Cancer 4(7), 540–550 (2004).
 21. Balkwill, F. & Mantovani, A. Inflammation and cancer: back to Virchow? Lancet 357(9255), 539–545 (2001).
 22. Kakinuma, T. & Hwang, S. T. Chemokines, chemokine receptors, and cancer metastasis. J. Leukoc. Biol. 79(4), 639–651 (2006).
 23. Muller, A. et al. Involvement of chemokine receptors in breast cancer metastasis. Nature 410(6824), 50–56 (2001).
 24. Ben-Baruch, A. Organ selectivity in metastasis: regulation by chemokines and their receptors. Clin. Exp. Metastasis 25(4), 345–356 
(2008).
 25. Zlotnik, A., Burkhardt, A. M. & Homey, B. Homeostatic chemokine receptors and organ-specific metastasis. Nat. Rev. Immunol. 
11(9), 597–606 (2011).
 26. Kulbe, H., Levinson, N. R., Balkwill, F. & Wilson, J. L. The chemokine network in cancer: much more than directing cell movement. 
Int. J. Dev. Biol. 48(5–6), 489–496 (2004).
 27. Godessart, N. Chemokine receptors: attractive targets for drug discovery. Ann. NY Acad. Sci. 1051, 647–657 (2005).
 28. Zhang, Y. Chemokine Receptor Antagonists in Drug Discovery. Curr. Top. Med. Chem. 14(13), 1503–1503 (2014).
 29. Scholten, D. J. et al. Pharmacological modulation of chemokine receptor function. Br. J. Pharmacol. 165(6), 1617–1643 (2012).
 30. Pease, J. & Horuk, R. Chemokine receptor antagonists. J. Med. Chem. 55(22), 9363–9392 (2012).
 31. Allegretti, M., Cesta, M. C., Garin, A. & Proudfoot, A. E. I. Current status of chemokine receptor inhibitors in development. 
Immunol. Lett. 145(1-2), 68–78 (2012).
 32. Hutchings, C. J., Koglin, M. & Marshall, F. H. Therapeutic antibodies directed at G protein-coupled receptors. MAbs. 2(6), 594–606 
(2010).
 33. Hulkower, K. L. & Herber, R. L. Cell Migration and Invasion Assays as Tools for Drug Discovery. Pharmaceutics 3(1), 107–124 
(2011).
 34. Kramer, N. et al. In vitro cell migration and invasion assays. Mutat Res-Rev Mutat 752(1), 10–24 (2013).
 35. Lee, S. S. et al. Quantitative and dynamic assay of single cell chemotaxis. Integr. Biol. 4(4), 381–390 (2012).
 36. Vinader, V. & Afarinkia, K. A beginner’s guide to chemokines. Future Med. Chem. 4(7), 845–852 (2012).
 37. Zlotnik, A. & Yoshie, O. The Chemokine Superfamily Revisited. Immunity 36(5), 705–716 (2012).
 38. Raman, D., Sobolik-Delmaire, T. & Richmond, A. Chemokines in health and disease. Exp. Cell Res. 317(5), 575–589 (2011).
 39. Darisipudi, M. N. et al. Dual blockade of the homeostatic chemokine CXCL12 and the proinflammatory chemokine CCL2 has 
additive protective effects on diabetic kidney disease. Am. J. Pathol. 179(1), 116–124 (2011).
 40. Kakuta, Y. et al. Blocking of CCR5 and CXCR3 suppresses the infiltration of macrophages in acute renal allograft rejection. 
Transplantation 93(1), 24–31 (2012).
 41. Okamoto, M., Suzuki, T. & Watanabe, N. Modulation of inflammatory pain in response to a CCR2/CCR5 antagonist in rodent 
model. J. Pharmacol. Pharmacother. 4(3), 208–210 (2013).
 42. Jerath, M. R. et al. Dual targeting of CCR2 and CX3CR1 in an arterial injury model of vascular inflammation. Thromb. J 8, 14, 
doi:10.1186/1477-9560-8-14 (2010).
 43. Princen, K. et al. Inhibition of human immunodeficiency virus replication by a dual CCR5/CXCR4 antagonist. J. Virol. 78(23), 
12996–13006 (2004).
 44. Carter, P. H. et al. Discovery of a Potent and Orally Bioavailable Dual Antagonist of CC Chemokine Receptors 2 and 5. Med. Chem. 
Lett. 6(4), 439–444 (2015).
 45. Zhao, Q. H. Dual targeting of CCR2 and CCR5: therapeutic potential for immunologic and cardiovascular diseases. J. Leukoc. Biol. 
88(1), 41–55 (2010).
 46. Kimura, M. et al. SKL-2841, a dual antagonist of MCP-1 and MIP-1 beta, prevents bleomycin-induced skin sclerosis in mice. Biomed 
Pharmacother. 61(4), 222–228 (2007).
 47. Pease, J. E. & Horuk, R. Small molecule antagonists of chemokine receptors - is promiscuity a virtue? Curr. Top. Med. Chem. 10(13), 
1351–1358 (2010).
 48. Liu, Y. et al. Correlation effect of EGFR and CXCR4 and CCR7 chemokine receptors in predicting breast cancer metastasis and 
prognosis. J. Exp. Clin. Cancer Res. 29, 16, doi:10.1186/1756-9966-29-16 (2010).
 49. Kodama, J. et al. Association of CXCR4 and CCR7 chemokine receptor expression and lymph node metastasis in human cervical 
cancer. Ann. Oncol. 18(1), 70–76 (2007).
 50. Wagner, P. L. et al. The chemokine receptors CXCR4 and CCR7 are associated with tumor size and pathologic indicators of tumor 
aggressiveness in papillary thyroid carcinoma. Ann. Surg. Oncol. 15(10), 2833–2841 (2008).
 51. Arigami, T. et al. CCR7 and CXCR4 expression predicts lymph node status including micrometastasis in gastric cancer. Int. J. Oncol. 
35(1), 19–24 (2009).
 52. Ibarra, N., Blagg, S. L., Vazquez, F. & Insall, R. H. Nap1 regulates Dictyostelium cell motility and adhesion through SCAR-dependent 
and -independent pathways. Curr. Biol. 16(7), 717–722 (2006).
 53. Heit, B. & Kubes, P. Measuring chemotaxis and chemokinesis: the under-agarose cell migration assay. Sci STKE. 2003(170), PL5, 
doi:10.1126/stke.2003.170.pl5 (2003).
 54. Wiggins, H. & Rappaport, J. An agarose spot assay for chemotactic invasion. Biotechniques 48(2), 121–124 (2010).
 55. Vinader, V. et al. An agarose spot chemotaxis assay for chemokine receptor antagonists. J. Pharmacol. Toxicol. Methods 64(3), 
213–216 (2011).
 56. Guyon, A. et al. Baclofen and other GABAB receptor agents are allosteric modulators of the CXCL12 chemokine receptor CXCR4. J 
Neurosci. 33(28), 11643–11654 (2013).
www.nature.com/scientificreports/
1 1Scientific RepoRts | 7: 1075  | DOI:10.1038/s41598-017-00949-4
 57. Bruni, L., Babarinde, A. A., Ortalli, I. & Croci, S. K-D:rib dampens Hs 578T cancer cell chemoinvasion and proliferation. Cancer Cell 
Int. 14, 77, doi:10.1186/s12935-014-0077-9 (2014).
 58. Boyden, S. The chemotactic effect of mixtures of antibody and antigen on polymorphonuclear leucocytes. J. Exp. Med. 115, 453–466 
(1962).
 59. Zigmond, S. H. Ability of polymorphonuclear leukocytes to orient in gradients of chemotactic factors. J. Cell Biol. 75(2 part1), 
606–616 (1977).
 60. Zicha, D., Dunn, G. A. & Brown, A. F. A new direct-viewing chemotaxis chamber. J. Cell Sci. 99, 769–775 (1991).
 61. Muinonen-Martin, A. J., Veltman, D. M., Kalna, G. & Insall, R. H. An improved chamber for direct visualisation of chemotaxis. PLoS 
One 5(12), e15309, doi:10.1371/journal.pone.0015309 (2010).
 62. Haessler, U., Pisano, M., Wu, M. & Swartz, M. A. Dendritic cell chemotaxis in 3D under defined chemokine gradients reveals 
differential response to ligands CCL21 and CCL19. Proc. Natl. Acad. Sci. USA 108(14), 5614–5619 (2011).
 63. Szatmary, A. C., Stuelten, C. H. & Nossal, R. Improving the design of the agarose spot assay for eukaryotic cell chemotaxis. RCS Adv. 
4(100), 57343–57349 (2014).
 64. Fricker, S. P. et al. Characterization of the molecular pharmacology of AMD3100: a specific antagonist of the G-protein coupled 
chemokine receptor, CXCR4. Biochem Pharmacol. 72(5), 588–596 (2006).
 65. De Clercq, E. The bicyclam AMD3100 story. Nat. Rev. Drug Discov. 2(7), 581–587 (2003).
 66. Ramanujan, S. et al. Diffusion and convection in collagen gels: implications for transport in the tumor interstitium. Biophys. J. 83(3), 
1650–1660 (2002).
 67. He, L. & Niemeyer, B. A novel correlation for protein diffusion coefficients based on molecular weight and radius of gyration. 
Biotechnol. Prog. 19(2), 544–548 (2003).
 68. Ayuso, J. M. et al. Study of the chemotactic response of multicellular spheroids in a microfluidic device. PLoS One 10(10), e0139515, 
doi:10.1371/journal.pone.0139515 (2015).
 69. Schindelin, J. et al. Fiji: an open-source platform for biological-image analysis. Nat. Methods 9(7), 676–682 ‘Manual tracking and 
‘Chemotaxis and Migration Tool’ plugin for Fiji are available at https://imagej.nih.gov/ij/plugins/ (2012).
Acknowledgements
We wish to thank Libyan Council and Biotechnology Research Center, Tripoli (studentship to M.A.), Zarqa 
University (studentship to H.A.B.), Yorkshire Cancer Research (studentship to D.A.), Aragon Regional 
Government and Morgridge Institute for Research (fellowship to J.M.A.), and EU Erasmus exchange programme 
(fellowship to M.M.).
Author Contributions
M.A. and H.A.D. contributed equally to the manuscript and are joint first authors. Experimental work was carried 
out by M.A. (agarose spot), H.A.D. (agarose spot, scratch assay, flow cytometry), J.M.A. (concentration gradients 
and rates), D.A. (Transwell assay), M.M. and R.P. (scratch assay), V.V. (Transwell and calcium mobilisation 
assays). S.D.S., V.V. and K.A. designed experiments. Figure 1 was produced by V.V. Video was recorded and edited 
by M.M. Manuscript was written by K.A. and all authors reviewed the manuscript.
Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-00949-4
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017
